In a series of flume experiments using constant discharge, flow depth, and gravel feed rate, sand feed rates were varied from 0.16 to 6.1 times that of gravel. The bed slope decreased with increasing sand supply, indicating that the gravel could be transported at the same rate, along with increasing amounts of sand, at smaller shear stresses. Prediction of river response to an increase in sediment supply requires prediction of mutual changes in bed composition and transport, and therefore a transport model defined in terms of the grain size of the bed surface. A recent model provides satisfactory prediction of the experimental observations and indicates the general response of gravel beds to increased sand supply. An increase in sand supply may increase the sand content of the river bed and the mobility of gravel fractions, which can lead to bed degradation and preferential evacuation of these sediments from the river.
Introduction
Land disturbances such as urbanization, fire, logging, agriculture, and road construction can increase the supply of sediment to rivers. In many cases, the sediment supplied is finer than that found in the river bed. Flushing of reservoir sediment and the removal of dams, both of which are increasingly considered as part of river restoration programs, may be expected to augment the supply of fine sediment to the downstream channel. An ability to forecast the effects of an increase in fine sediment supply on river morphology and ecology is necessary to evaluate dam removal and reservoir flushing plans and to assess the impacts of other possible sources of fine sediment supply.
If the rate of sediment supply to a gravel-bed channel is increased and the grain size of the sediment supply remains unchanged, it has long been understood that aggradation of the river bed will occur ͑e.g., Lane 1955͒. If the grain size of an increased sediment supply is finer than the previous supply or of the bed material ͑an increase in sand supply to a gravel-bed river being the most common case͒, the fate of the river bed is less clear. The finer sediment supply can reduce the grain size of the bed and increase the river's transport capacity, which will counteract a tendency toward aggradation from increased sediment supply.
The interaction between sediment supply and sediment bed depends on many factors. Beyond the general properties of channel slope and geometry, the response of the sediment bed to a change in sediment supply will depend on the water discharge and the grain size and rate of sediment supply. Although bed adjustments can be rapid in suspension dominated systems without active transport of the coarse bed material ͑e.g., Topping et al. 2000; Rubin and Topping 2001͒ , the time scale of bed adjustments in alluvial gravel-bed rivers can be much longer than variations in the water and sediment supply.
In the face of complex, lagged response to poorly known controlling variables, laboratory experiments provide a useful approach in which careful control allows cause and effect to be established. Previous flume experiments have indicated that an increased sand supply will tend to increase the transport capacity of not only the sand, but also the gravel fractions in the river bed ͑Jackson and Beschta 1984; Ikeda and Iseya 1988͒ . This result suggests that an increased supply of sand may be associated with a sufficient increase in the transport capacity that overall bed aggradation will be reduced or eliminated, although the increased transport capacity comes at the expense of an increased sand content of the bed and the possible loss of the more mobile gravel fractions in the stream bed. A variety of factors, including experimental scale and the constraints imposed by the particular flume operating procedures, cause the previous flume experiments to provide only a partial picture of the responses of the sediment bed and transport field to sediment additions.
The purpose of this paper is to present the results of additional experiments that, together with previous experiments, support a more complete evaluation of the effect of sand additions on transport in a gravel-bed river. We also use a recently published mixed-size transport model ͑Wilcock and Crowe 2003͒ to evaluate the experimental results and to indicate more general patterns of bed response to the addition of fine sediment.
Previous Laboratory Observations
Laboratory experiments capture neither the range of natural variability nor the interactions among the various controlling factors, but provide controlled replication of particular combinations of initial and boundary conditions. Care must be used when interpreting flume results, because the flume controls may not match conditions in the field. Of particular importance in the present case is the effect of the upstream sediment supply, which can have a strong influence on the adjustment of bed composition and elevation ͑Parker and Wilcock 1993͒.
Two standard choices have been used for introducing sediment into laboratory flumes. In one, the composition and rate of sediment feed are specified along with the water discharge, and the bed slope and bed surface grain size are free to adjust. In the other, the water discharge and the initial bed composition and slope are specified and the sediment transported from the flume is recirculated as the sediment feed. In this case, the bed surface grain size, bed slope, and the rate and grain size of the transport are all free to adjust ͑Parker and Wilcock 1993͒. Sediment recirculating experiments have the advantage that the transport grain size typically coarsens with transport rate, which is generally observed in the field, although the final equilibrium state depends on the initial bed composition and slope. In sediment recirculating experiments, it is not possible to specify a particular combination of flow and transport rate. In sediment feed experiments, the flow and the rate and grain size of the transport are specified. As typically conducted, however, sediment feed experiments are performed with a single feed sediment, such that the transport grain size distribution is constant at all transport rates, a trend that is atypical of the field and which leads to particular bed/transport interactions that may not be representative of natural conditions ͑Wilcock and DeTemple 2001͒.
Neither flume method is correct nor incorrect. Error arises when establishing comparisons with the field, for which each flume type simulates a specifically defined set of constraints. Accuracy in the comparison depends in part on the time and space scale of interest. Coarse-bedded rivers behave more as recirculating systems for bed-material transport over short time scales along uniform reaches ͑e.g., individual floods͒ and behave more as feed systems over longer time scales ͑e.g., decades to centuries͒. For the case of an influx of fine sediment to a coarse bed river, a feed system directly answers the question: what is the response of the bed to an increase in the rate of fine sediment supply? A recirculating flume addresses the question: what is the response of the transport rate to an increase in the content of fine sediment in the river bed? Each approach provides a useful perspective on the problem and a consistent computational model can be developed provided the transport rates are defined relative to the surface composition of the bed surface ͑Parker 1990; Wilcock and McArdell 1993; Wilcock and Crowe 2003͒. Ikeda and Iseya ͑1988͒ used a sediment feed system to demonstrate the effect of sand supply on gravel transport. In a series of eight runs in a small flume ͑0.10 m wide͒, they fed fine gravel at an increasing rate while holding constant both discharge and flow depth. As the feed rate increased, the bed slope increased to produce a larger bed shear stress to carry the larger transport rate. As a continuation of these runs, the gravel feed was maintained at a constant rate, while well-sorted medium sand ͑0.00035 m͒ was added to the feed, thereby increasing the total feed rate. The bed slope decreased, indicating that a smaller shear stress was needed to transport the sand-gravel mixture, even though the total transport rate increased. This demonstrates that the same amount of gravel could be transported at the same flow, even though additional sand is added to the system. In fact, the decrease in shear stress indicates that more gravel could be carried with the same shear stress if sand is added to the system. There are several aspects of the Ikeda and Iseya experiments that limit their application to the field. The sediment used ͑0.00037 and 0.0027 m͒ was much smaller than typical sediment in a gravel bed river, strongly bimodal, and lacked any intermodal sediment sizes. The Froude numbers ͑F͒ in the experiments were much larger than those typically found under conditions of alluvial transport. Finally, the flow depths used were very shallow ͑ϳ0.10 m͒, which limited the accuracy of the depth measurements. Nonetheless, these experiments provided a strong indication that increased sand supply to a gravel-bed channel can increase the gravel transport rate, and serve as an inspiration for the experiments noted here. This work motivated the experiments reported in this paper.
Another experiment that indicates the effect of sand on gravel transport is that of Jackson and Beschta ͑1984͒. A sandy gravel bed was deposited under conditions of constant sediment feed. The sediment feed was then stopped and clear water flow was maintained until all sediment transport ceased, producing an armored bed. Sand was then fed into the flume, and additional gravel was transported out of the channel, demonstrating that the added sand was able to induce entrainment and transport from an armored gravel bed. This result is drawn from a single run under disequilibrium conditions, yet provides further evidence of the affect of sand on gravel transport.
The influence of sand content on transport rates and bed adjustment has been investigated in a recirculating sediment flume ͑Wilcock et al. 2001͒ . In this case, the sand content was specified in terms of the composition of the sediment bed. Each of five widely graded beds used the same sand and gravel size distributions, but ranged in sand content from 6 to 34%. Transport rates were observed over a range of flow strengths with each sediment. For the same water discharge, gravel transport rates were observed to increase by as much as several orders of magnitude as the sand content of the bulk sediment increased and the amount of gravel on the bed surface decreased. A significant decrease in the reference shear stress for the gravel sediments ͑a surrogate for the critical shear stress for incipient motion͒ was observed as the sand content of the bulk sediment increased from 14 to 27%, indicating that the increased gravel transport could be modeled by a reduction in the reference gravel shear stress as a function of the sand content of the bed. Wilcock et al. ͑2001͒ demonstrated that only part of this reduction in reference shear stress could be accounted for by a reduction in the overall grain size of the bed and that the balance was due to the direct effect of sand content on gravel transport rate.
The experiments reported here complement the previous experiments by using a sediment feed arrangement in which the gravel feed rate is held constant from run to run while the rate of sand feed is progressively increased. These experiments have a similar plan to those of Ikeda and Iseya ͑1988͒, but use a range of sediment grain size ͑0.0005-0.032 m͒ that is directly representative of natural gravel-bed rivers and realistic Froude numbers ͑F͒. The use of a sediment feed flume provides a direct approach for examining the effect of sand supply on bed adjustments in a gravel-bed channel, and by using a large range of sand content in the sediment feed ͑14-86%͒, we can examine the bed adjustments associated with a wide range of sand supply.
Experimental Methods
The experiments were conducted in a small tilting flume of 0.15 m width, 0.3 m depth, and 5.2 m length, with a 3.5 m working length. The flume walls are clear acrylic, allowing direct observation of the transport. Water was recirculated, and discharge was held nearly constant for all runs. Sediment was fed into the upstream end of the flume. The sediment used in this experiment is a subset of the widely graded mixture previously described by McArdell ͑1993, 1997͒ . The gravel fractions range in size from 0.002 to 0.032 m and the sand fractions from 0.005 to 0.002 m ͑Fig. 1͒. Each 1 / 2 grain size fraction was painted a different color, allowing the grain sizes to be easily identified in photographs without any bias due to partial burial. The mean specific gravity of the sediment was 2.61. The specific density for grains between 0.004 and 0.008 m, which contained some chalky limestone fragments, was 2.49. The fractions between 0.008 and 0.032 m contained a larger portion of mafic materials, giving a mean specific gravity between 2.69 and 2.73.
This study consisted of eight two-part flume runs. In preparation for each run, the sediment was sieved to create the basic sediment ͑14% sand͒ and thoroughly homogenized. A 0.07 m thick bed was placed in the flume and screeded flat. Sediment was fed at a steady rate into the upstream end of the flume. In most runs, the sediment was fed with the aid of a conveyer belt. However, during runs with feed rates above 700 g m −1 s −1 the sediment was fed by hand. At the downstream end of the flume, water and sediment passed over a low weir into a collection box. The first segment of each run was identical. Sand and gravel was fed into the flume at 18 and 112 g m −1 s −1 , respectively ͑14% sand͒. The first segment lasted a minimum of 80 min, enough time for the channel to achieve a steady state, as indicated by stable mean sediment transport rate equal to the feed rate.
During the second parts of six runs ͑5,6,7,8,9,11͒, the gravel feed was held constant at 112 g m −1 s −1 while the sand feed was increased by a factor between 3 and 38 ͑54-684 g m −1 s −1 ͒ ͑Table 1͒. Discharge and flume slope remained constant during the second run segment. During the second segment of Run 10, 100% sand was fed at a rate close to the largest total transport rate used in the main series of runs ͑Run 11͒. The objective of this run was to determine the minimum bed slope that would develop under an increase in the sand supply. For the second segment of Run 12, both the sand and gravel feed rates were doubled ͑maintaining a sand content of 14%͒ in order to further document the sensitivity of bed slope to increases in the sediment transport rate. Bed slope increased in the second segment of Run 12 ͑Table 2͒, indicating bed aggradation under conditions of increased sediment supply with constant grain size. A third run segment was included in Runs 5, 6, and 7. In this segment, sediment feed was returned to the rate and composition of the first segment, in order to provide further verification that the bed response can be attributed to changes in the sand content of the sediment feed.
During each run, the sediment transport rate was measured every 1-2 min. When a sediment sample was collected, the grains from the largest size fraction were counted and weighed and the remainder of the sediment was weighed. This time series was used to evaluate the approach to equilibrium of the transport, defined as transport exiting the flume with a mean composition and rate equal to that of the feed.
The elevations of the sediment bed and water surfaces relative to the flume floor were measured at 0.5 m intervals approximately every 4 min. These measurements, when corrected for the slope of the flume, provide flow depth, bed slope, and water slope. Discharge was measured using a calibrated elbow meter on the water return pipe and a mercury manometer. Mean flow velocities were calculated using the flume width, mean flow depth, and discharge. Surface velocities were measured during the majority of the runs by timing the surface travel time of a plastic float over a distance of 2 m.
The bed surface composition was measured using two methods. In Runs 6-12, the grain-size distribution of the bed surface at the end of each run segment was measured using point counts of photographs of the bed surface at three locations. Grain color corresponds to grain size for this sediment ͑Wilcock and McArdell, 1993 McArdell, , 1997 . The photographs were projected on a grid and grain color ͑hence, size͒ at each grid mark was recorded. Approximately 135 grains were counted for each bed surface depending on the quality of the photographs. After photographing the bed in Runs 7-12, the bed was excavated Table 1 to a depth corresponding to the base of the coarsest grains; this sediment was sieved, providing the size distribution of the surface layer. No surface grain size is available for Run 5.
Results
Sand and gravel feed rates are given in Fig. 2͑a͒ . Because the gravel feed rate remained constant as sand feed increased for the six primary runs, the total transport rate increased and the sand became a greater proportion of the total sediment supply ͓Fig. 2͑a͔͒. As the rate and sand content of the feed increased, the sand content of the bed surface also increased ͓Fig. 2͑b͔͒. The surface sand content was smaller than that of the feed for all intermediate runs, corresponding to a range in sand feed content from approximately 25 to 75% sand content. The steady-state bed slope for the initial run segments ͑14% sand feed͒ was 0.032 ͑ ± 0.000632͒. In the second segment of the main series of runs, the flume bed degraded, evacuating an upstream-thickening wedge of sediment, to produce progressively smaller equilibrium slopes as sand feed content increased ͓Fig. 2͑c͔͒. Bed slope decreased consistently until the sand supply became 72% ͓total feed rate of 400 g m −1 s −1 , Fig. 2͑c͔͒ , at which point the bed slope decreased by approximately 20% from the initial value in the first run segment. Beyond 72% sand, the bed slope decreased little with additional sand in the sediment feed ͓Run 11, with 86% sand in the total feed rate of 796 g m −1 s −1 , Fig. 2͑c͔͒ . This suggests that little further decrease in bed slope occurs when sand content of the feed exceeds approximately 75%, an observation supported by the fact that the second run segment in the supplemental Run 10, which used a pure sand feed at 800 g m −1 s −1 had the same slope ͑0.024͒ as Run 11. That the observed slope response can be attributed to changes in the sand content of the sediment feed is further supported by the supplemental third run segments in Runs 6 and 7. In each of these runs, after the second run segment with increased sand feed demonstrated a decrease in bed slope, the feed conditions were returned to the initial sediment feed composition ͑14% sand, total transport rate 130 g m −1 s −1 ͒ and the slope aggraded back to the same value as observed in the initial run segment.
As the composition of the feed is varied, the mobility of the sediment mixture changes. The bed is free to adjust its composition and its slope in order to maintain the transport with the available flow. The decreased slope observed with increasing sand feed content indicates that the sandier mixtures are more mobile and can be transported by a smaller shear stress, as demonstrated by Ikeda and Iseya ͑1988͒. Because flow depth is nearly constant in these runs, the bed was consistently planar, and the flow was approximately steady and uniform, changes in bed slope correspond directly to changes in bed shear stress. Shear stresses for each run segment were calculated using the measured bed slope and flow depth and corrected for the sidewall effects of our narrow flume ͑Vanoni and Brooks 1957; Chiew and Parker 1994͒. Sidewall-corrected values are used in the subsequent analysis.
Discussion

Comparison with Transport Model
Experimental studies of the effect of sand supply on transport and bed composition in gravel-bed channels have used different boundary and initial conditions but consistently produce a common result: increasing sand supply increases sand content on the bed surface and increases the mobility of the gravel supplied to the channel and in the river bed. Broader application of this result requires a transport model linking flow, transport, and bed composition. In order to be general and to represent accurately the transient case, such a transport model must be based on the grain size of the bed surface ͑Parker 1990; Wilcock and McArdell 1993͒. A surface-based model relates transport rate and grain size to bed surface composition and flow strength ͑typically bed shear stress, ͒. In "forward" application, transport rate and grain size are predicted as a function of and bed surface grain size. An "inverse" application predicts and bed surface composition as a function of a specified transport rate and grain size ͑Parker and Wilcock 1993͒. There are few surface-based transport models available, due primarily to the lack of data necessary to develop and test such models ͑Wilcock et al. 2001͒. Two models were proposed in 1990 ͑Parker 1990; Parker and Sutherland 1990͒ and a newer surface-based transport model, based on more extensive data reported by Wilcock et al. ͑2001͒, was introduced by Wilcock and Crowe ͑2003͒. The model of Wilcock and Crowe is used here to evaluate the experimental results presented in this paper. Because a specified sediment feed was used in the experiments, the surface-based transport model is used in inverse form: sedi- Fig. 2 . Results of main series of experiments: ͑a͒ sand and gravel feed rates; ͑b͒ proportion of sand ͑Ͻ0.002 m͒ in sediment feed and observed in bed surface; and ͑c͒ slope of flume bed at end of each run ment feed rate and size distribution are specified and the transport model is used to solve for bed shear stress and surface grain size distribution.
Predicted and observed values of surface sand content F S and are plotted as a function of total transport rate in Figs. 3͑a and b͒. Recalling that gravel transport rates are held constant in all runs, increased total transport rate corresponds directly to increased sand content of the sediment feed. The predicted and observed values of bed surface grain size correspond well ͓Fig. 3͑a͔͒, except at the largest transport rate ͑sand content of the feed p S = 86%͒, for which F S Ϸ p S and the model underpredicts F S . For this run ͑Run 11, Table 2͒ , the feed and the bed were mostly sand, which falls outside of the range of mixed sand and gravel sediments for which the Wilcock and Crowe model was developed. That Run 11 demonstrated essentially sand-like behavior is supported by comparison with Run 10 ͑feed 100% sand at a total rate nearly equal to Run 11͒, which produced essentially the same water depth and bed slope ͑and, hence, hydraulic roughness͒.
With the exception of Run 11, the predicted and observed correspond well in terms of the range of and its overall decrease with increasing sand supply, but the observed values of decrease with increasing sand supply more gradually than the predicted values ͓Fig. 3͑b͔͒. We suspect that this results from incomplete bed adjustment in the flume runs. Partially buried coarse grains can be identified on videotape of these runs and may have inhibited degradation of the bed over the duration of the run. Although the runs were conducted until transport equilibrium was established, a few large immobile grains can still provide sufficient structural support to prevent bed degradation over flume runs of practical duration. For Run 11, the underprediction in F S ͓Fig. 3͑a͔͒ is consistent with the overprediction of for a run that behaved essentially as a sand transport system.
Broader Indication of Effect of Increased Supply of Fine Sediment
The Wilcock and Crowe surface-based transport model can be used to provide an approximate indication of general stream bed response to changes in rate of fine sediment supply. Calculations shown in Figs. 4͑a-f͒ were made for three different gravel transport rates, q g ,10 g m −1 s −1 , 112 g m −1 s −1 ͑the rate used in these experiments͒, and 1000 g m −1 s −1 . For each q g , a range of sand transport rates, q S , was specified, giving a range in total transport rate, q t , which is plotted as a function of the percent sand in transport, p S , in Fig. 4͑a͒ For the calculated values of and surface composition, simple one-dimensional relations for continuity, momentum, and roughness can be used with a specified value of water discharge to calculate corresponding values of flow depth and bed slope. The trends provide an approximate, but general indication of the change in flow and bed elevation corresponding to the increased fine sediment supply. The following relations are used for continuity:
where q=water discharge per unit width; h=flow depth; U=mean velocity; and for momentum = ghS ͑2͒
where =water density; S=bed slope; and g=gravitational acceleration, and for flow resistance Increasing sand supply results in proportionally small increases in flow depth ͓h; Fig. 4͑e͔͒ , such that the decrease in shown in Fig. 4͑b͒ is accommodated primarily by a corresponding decrease in slope ͓S; Fig. 4͑f͔͒ . In a unidirectional transport system, a decrease in slope will be accomplished by bed degradation working from upstream to downstream. Calculation of specific cases requires use of a morphodynamic model invoking sediment mass conservation in addition to the surface-based transport model used here. The actual depth and rate of bed degradation will depend on a variety of local factors such as subsurface grain size, history of water and sediment supply, and channel geometry, specification of which is not merited by the general illustration sought here. The calculations made here indicate equilibrium transport conditions and not the path or rate by which equilibrium is achieved ͑Parker 1990͒. Nonetheless, the equilibrium conditions do indicate the nature of the bed adjustments, which are that an increased sand supply will increase the fines content of the bed surface, promote bed degradation, and potentially evacuate mobile gravel fractions from the reach, depending on the specific boundary conditions of the problem. The amount of bed degradation is likely to be larger in systems with a larger rate of gravel supply.
These calculations ͑and our flume experiments͒ focus only on bed degradation in response to added sand supply. Although bed degradation is likely to be the primary bed response in gravel-bed rivers with simple topography and stable banks, other processes, such as lateral sorting, bar migration or evacuation, and bank erosion will be important in streams with more complex geometry and over longer time periods. In these cases, a forecast of bed degradation is a useful, but incomplete prediction of stream channel response.
Conclusions
In a series of flume experiments in which the rate of gravel supply was held constant and the rate of sand supply was increased from run to run, the sand content of the bed was observed to increase and the bed slope decrease with increasing sand content of the feed. The decrease in bed slope indicates that a smaller bed shear stress is required to transport an increased sediment supply consisting of constant gravel supply rate and increased sand supply rate. Combined with other flume experiments using different boundary conditions, it is evident that increasing the sand content in either the sediment supply or the bed causes an increase in the mobility of the gravel fraction.
Potential bed degradation can be predicted using a computational algorithm that can relate the instantaneous transport rate to the flow and the composition of the bed surface. The surfacebased transport model of Wilcock and Crowe ͑2003͒ provides acceptable predictions of the surface grain size and bed shear stress observed in the experiments and can be used with elementary hydraulic relations to indicate potential bed degradation in response to an increase in the rate at which sand is supplied to a gravel-bed river. The bed becomes sandier and the slope decreases, which indicates a tendency toward bed degradation and the potential evacuation of mobile gravel fractions from the river channel. These adjustments may also trigger other changes in bed topography and channel geometry, all of which must be accounted for when evaluating the impact of increased fine sediment supply to a gravel-bed river. Calculations made for three gravel transport rates q g and range of sand transport rates q S . As q S increases for specified q g , both total transport rate and percent sand in transport increase. All panels use same symbols: ͑a͒ total transport rate, ͑b͒ bed shear stress, ͑c͒ sand content of bed surface, ͑d͒ mean grain size of gravel portion of bed surface, ͑e͒ flow depth, and ͑f͒ bed slope calculated using Eqs. ͑1͒-͑3͒ with values of shear stress in ͑b͒, gravel size in ͑d͒, and discharge q = 1.5 m 2 s −1 .
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